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A B S T R A C T
Water uptake by capillarity is widely used for characterising the durability properties of building materials.
However, cementitious materials are generally reported with an anomalous behaviour in relation to other
construction materials: during capillary water uptake they show a non-linear evolution with the square root of
time. Several hypotheses have been proposed to explain this anomaly, among which the most sound seems to be
the hygroscopic nature of cementitious materials, since the swelling of the calcium silicate hydrates when in
contact with water could limit the water ﬂow. Using strain gauges attached to mortar and concrete samples, we
monitored their deformations during capillary water uptake. This paper presents those results and their con-
nection with water ingress. Experimental data registered during water uptake allow validating the swelling
hypothesis. The idea of cementitious materials as rigid materials during capillary water uptake seems incomplete
for a comprehensive description of the transport process.
1. The anomalous capillary water uptake by cementitious
materials
Water uptake by capillary forces is a transport property widely used
for characterising the resistance to ingress of aggressive agents that are
transported with water. Sorptivity, usually deﬁned as the a measure of
the capacity of the material to absorb a liquid by capillarity, is a good
descriptor of several transport properties, since it is related to pore
structure and connectivity. In the literature, there are several examples
of relationships between sorptivity (generally expressed in units of
mass/area/time0.5) and other durability and transport properties such
as drying rate (DR) [1], chloride diﬀusion [2], water penetration under
pressure [2–4], resistance against freeze and thaw [5–7]. Consequently,
sorptivity is primarily used as a qualitative descriptor of the durable
performance of concrete when exposed to environmental aggressive-
ness.
Despite the good correlation between sorptivity and other transport
properties, its calculation requires to implement certain conventions to
obtain a sorptivity value. This is reﬂected in the diﬀerent ways by
which standards deal with its calculation [8–12]. The main reason for
these diﬀerences is that the transport process does not evolve linearly
with the square root of time, t0.5, in cementitious materials, which is an
anomaly not shared with other building materials. Several hypotheses
have been built to explain it: electroviscous eﬀects (changes in apparent
viscosity during the ﬁlling process), modiﬁcations of contact angle
factors [13], gravity eﬀects [14], heterogeneous moisture content in-
side the sample [15], leaching of calcium hydroxide into the water
[16], and swelling [13,17,18]. Gravity eﬀects are established as the
cause of anomalous behaviour in certain extremely coarse-pored ce-
mentitious materials, but this cannot be applied in general terms to all
cementitious materials. A comprehensive evaluation of this issue leads
to the consideration of the hygroscopic nature of cementitious materials
(i.e. their aﬃnity for moisture). The interaction of the calcium silicate
hydrate (C-S-H) gel with water causes swelling and this may be the
main cause inducing the deviation from the relationship with t0.5. Vil-
lagrán et al. [18] presented an extensive analysis of this lack of linearity
considering the hypotheses aforementioned and reached the conclusion
that swelling seems to be the most sound explanation. Furthermore, the
theoretical model presented in [18] describes the transport process by
capillarity in cementitious materials progressing linearly with t0.25. A
main hypothesis for this model is the development of swelling at a
suﬃcient rate so it can aﬀect the water uptake rate. Capillary
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absorption in swelling porous materials in general has been addressed
by several authors, and in this sense two general approaches can be
considered. As explained in [18,19], the hydraulic diﬀusivity (D) might
be considered as a separable function of the moisture content (θ) and
time (t), as in Eq. (1). Then, it is necessary to deﬁne γ to reﬂect the
evolution of the hydraulic diﬀusivity. Considering that volumetric ex-
pansion varies linearly with t0.5, it leads to the fourth root of time ap-
proach [18]. Then, measurements of deformation caused by swelling
could provide new insights into the transport process. However this
approach seems useful from a practical point of view, it should be
considered merely empirical due to the fact that it uses the fractional
diﬀusion equation formulated for rigid media for analysing absorption
in swelling media [20]. Some inconsistencies for the value of D arising
when γ is made equal to 0.5·t-0.5, as suggested by experimental results,
are therefore natural.
= ∙D(θ, t) γ(t) δ(θ) (1)
where D is the hydraulic diﬀusivity, θ is the moisture content,γ is the
time-varying diﬀusivity factor, δ is the saturation-varying diﬀusivity
factor, and t is the time.
A more comprehensive alternative to the previous model is the
application of the general sub-diﬀusion model, Eq. (2), as derived by Su
[20] from the equations governing ﬂow in swelling media formulated in
a material coordinate, x, by Philip and Smiles [21–23] and the frac-
tional derivative model by Zhang et al. [24]. In this case, the material
diﬀusivity is deﬁned in relation to moisture content only, and the in-
consistencies derived from deﬁning a variation with t are avoided.
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where Dx (ϑ) is the hydraulic diﬀusivity in swelling media, ϑ is the
moisture ratio equal to θl/θs, with θl and θs the volume fractions of
liquid and solid, respectively, and x is the material coordinate.
Finally, the cumulative absorption by the swelling material is given
as Eq. (3) [20], with S being the anomalous sorptivity of the material.
= ∙I(t) S tβ/2 (3)
Imbibition is the displacement of one ﬂuid by another with greater
wettability than the ﬁrst one [25]. This can be seen from food industry
to construction, soils engineering, and etcetera. Alava et al. [26] pro-
vided a list with a wide range of scenarios in which imbibition plays a
role. Spontaneous capillary imbibition takes place when the invading
ﬂuid does so under the only inﬂuence of capillary forces, with no ex-
ternal pressure [27]. According to the literature in physics, imbibition
does not necessarily cause a change in volume, so imbibition in porous
materials may or may not involve swelling. However, in the case of
capillary water uptake in seeds, imbibition describes the particular
action of taking up ﬂuid resulting in swelling [28]. For the case of ca-
pillary imbibition in cementitious materials, the binding of water also
implies swelling because of the hygroscopic nature of C-S-H. Ad-
ditionally, unhydrated cement particles can react when in contact with
water and further hinder the water ﬂow. A mathematical model con-
sidering the hydration of unreacted cement particles has been proposed
by Chapwanya et al. [30]. They consider that the anomalous behaviour
of cementitious materials is mainly due to the reaction of the ‘residual
reactants’, which clog the pores inside concrete thus hindering water
transport. This model, although interesting, requires the input of sev-
eral parameters to determine the reaction rate of the unhydrated ce-
ment particles and it does not consider swelling of the already formed
C-S-H gel as a possible cause of the anomalous behaviour. Expansion
due to water absorption has been measured by Hall et al. [13], and it
was connected to the interaction between incoming water and C-S-H.
Other authors have also suggested that changes in microstructure may
occur when water enters the cementitious matrix [19,31–33], with a
reduction in the ﬂow rate as a consequence. In [34], based on single-
sided 1H nuclear magnetic resonance results, evidence of swelling is
presented and clearly connected with a reduction in coarse porosity of
pre-dried samples. Such modiﬁcation of the microstructure does not
occur when testing with organic liquids, in these cases no expansion
and linear evolution of capillary uptake with t0.5 was reported in [35].
A diﬀerence between the swelling of cementitious materials and of
seeds is that the expansion of the latter is not as restricted as in the case
of cementitious materials. Actually, the deformations depend on the
amount of restrictions provided by the presence of non-deforming
phases. During capillary imbibition, the swelling in cementitious ma-
terials is mainly translated into an increased tortuosity of the system (or
‘pore disconnection’). Thomas and Jennings [36] showed that if the
degree of restraint (with values 0=no restraint and 1= full restraint)
is higher than a value numerically equivalent to the initial volume
fraction of pores, porosity will reduce due to expansion. This results in a
variation in pore structure geometry as the water front advances.
Considering a partially restrained three-phase composite: deforming
matrix phase, non-deforming inclusions, and pores; the deformation of
the composite will be inﬂuenced by the degree of restraint in the
composite and the relative volume fraction of the phases. If there are no
restraints in the system, pores will deform in the same way as the total
external dimensions of the composite. If the composite is fully re-
strained, the deformation (swelling) of the solid phase will cause pores
to shrink. Based on relations between the initial pore volume and the
degree of restraint [36], a system with a higher porosity will need a
larger level of restraint to avoid pore volume increase. In the case of
mortar and concrete, the amount of non-deforming phase will be given
by the amount of aggregates in each case. Deformation determinations
on mortar and concrete can provide information about the relation
between pore volume and restraints.
From a physical point of view, there is no reason to believe that a
single value for β originates from swelling during water absorption in
any cementitious material. It is more likely that β varies from system to
system within a certain range of values. However, a fair linear corre-
lation with t0.25 has been empirically conﬁrmed by extensive experi-
mental data analyzed in a previous work [18]. The error associated
with considering a single value for the exponent seems therefore ac-
ceptable, considering the practical beneﬁt of having S as the only
parameter needed for describing capillary water absorption in ce-
mentitious materials. This approximation is extremely convenient for
practitioners dealing with capillary water absorption of cementitious
materials, whereas the deﬁning factors for the particular value of the
exponent can be further investigated.
In this investigation, an experimental set-up was designed to de-
monstrate the eﬀect of the water ingress on the volumetric stability of
mortar and concrete samples. The deformations registered during ca-
pillary imbibition are an external indication of swelling. These de-
formations also allow validating the swelling hypothesis to explain
anomalous capillary imbibition in cementitious materials when the
internal restrictions are considered.
2. Materials
To prepare the mortar mix, ordinary Portland cement (OPC) CEM I
42.5 N, tap water, and normalized sand with grain sizes ranging from
0mm to 2mm were used. The mortar mix was designed with a water to
cement ratio of 0.45 and a sand to cement ratio of 3. The mixing pro-
cedure was performed in accordance with EN 196-1 [37]. Three pris-
matic samples of 160mm×40mm×40mm were cast to evaluate the
compressive strength of the mortar mix. Cylinders of 75mm height and
50mm in diameter were cast for the capillary imbibition test. Five
samples were tested, as from an statistical analysis this amount was
found to provide a good balance between precision and practicality
[38]. To limit the eﬀect of bleeding, cylindrical samples were kept ro-
tating horizontally in sealed moulds during the ﬁrst 24 h after casting.
After 24 h, all samples were demoulded and placed inside a conditioned
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room at (95 ± 5) % RH and (20 ± 1) °C until testing.
To prepare the concrete mix, the same cement and water to cement
ratio were used. The concrete mix composition, air content, and slump
are displayed in Table 1. To improve the workability, a commercially
available polycarboxylic ether-based superplasticiser was added to the
concrete during mixing. The product information indicated an optimal
dosage between 4.5ml and 13ml per kg of cement. An intermediate
dosage was chosen. The mixing procedure was made as follows: ﬁrst
cement, ﬁne and coarse aggregates were dry-mixed for a minute; then
the water was added and the mixing continued for 2 more minutes,
ﬁnally the superplasticiser was added and mixed for 1 extra minute.
The consistency was measured according to EN 12350-2 [39]. The air
content was measured according to [39]. Values of the slump and air
content are shown in Table 1. Five cylinders of 200mm height and
100mm in diameter were casted for the capillary imbibition test. Three
cubic samples of 150mm were also cast to evaluate the compressive
strength. All samples were placed inside a conditioned room at
(95 ± 5) % RH and (20 ± 1) °C until testing.
After curing for 28 days, all mortar and concrete samples were taken
out of the conditioned room. The compressive strength of mortar
samples was determined in accordance with EN 196–1 [37], resulting in
an average value of 51MPa. From the mortar cylinders, the bottom
25mm were removed. These cylinders, with ﬁnal height= 50mm,
were used for the capillary imbibition test (Fig. 1). The water absorp-
tion under vacuum and the open porosity of the mortar samples were
6.9% and 14% respectively.
The compressive strength test of concrete samples was performed in
accordance with NBN B 15-220 [40], the mean compressive strength of
the concrete samples at 28 days was 55MPa. A slice between 30mm
and 80mm from the bottom was cut oﬀ the cylinders. These 50mm
high samples were used for the capillary imbibition test (Fig. 1). The
water absorption under vacuum and the open porosity of the concrete
samples were 4.8% and 11.9% respectively.
3. Experimental set-up
To measure the deformation of the samples when exposed to water,
general purpose strain gauges were used. These were strain gauges with
linear pattern for use on concrete (from Micro Measurements -VPG).
Two sizes of strain gauges were used: 60mm×4.78mm (long strain
gauge) and 20mm×4.78mm (short strain gauge) in overall length
and overall width, respectively. Three strain gauges were attached to
each of the samples: a long one in horizontal position at 3mm from the
bottom (yellow), another long one in horizontal position at 3mm from
the top (green), and a short one vertically (red) (Fig. 2).
3.1. Mortar samples
Mortar samples were ﬁrst pre-conditioned and then the strain
gauges were attached to them. Samples were kept under immersion for
72 h and afterwards they were dried in an oven at 50 °C until their
weight loss was lower than a mass fraction of 0.1% in a 24 h period.
This preconditioning took approximately 8–9 days, with no less than
three additional days with the samples sealed in plastic bags until the
start of the test.
A speciﬁc purpose adhesive was applied to attach the strain gauges
to the mortar surface and to ensure a proper strain transmission. Cables
were connected to the strain gauges by soft soldering. The cables were
then attached to a 3-pin wire connector and connected to other cables
linked to the data logger. Continuous recording of the deformation was
made automatically by an appropriate software. Fig. 3 shows the ex-
perimental set-up designed to monitor volumetric stability of mortars
during capillary imbibition (left), and the strain gauges attached to a
mortar sample (right).
After the adhesive reached its maximum strength (24 h), mortar
samples were covered around their circumference with a double layer
of paraﬃn tape to avoid evaporation and ensure one-dimensional ﬂow
of water. The semi-transparent paraﬃn tape was chosen to monitor any
possible damage to the strain gauges during the capillary imbibition
test. All ﬁve samples were connected to the automatic and continuous
recording system previous to exposure to water to have a ‘baseline’
reading. This measurement was later used in the calculations to dis-
count the noise inherent to the apparatus. After 5min, samples were put
in a container in contact with water, with an immersion depth of
(3 ± 1) mm. The container was covered in order to avoid water eva-
poration.
Table 1
Concrete mix composition, air content, and slump.
Materials Cement
(kg/m3)
Water
(kg/m3)
Sand
(kg/m3)
Gravel 2/8a
(kg/m3)
Gravel 8/16b
(kg/m3)
Air content
(%)
Slump
(cm)
Amount 339 152 813 524 623 2.5 11.5
a Nominal size between 2 and 8mm.
b Nominal size between 8 and 16mm.
Fig. 1. Dimensions of mortar and concrete samples used for the capillary im-
bibition tests. The dashed volumes are the part of the samples used.
Fig. 2. Position of the strain gauges on the sample (not to scale).
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Along with the deformation recordings, gravimetric measurements
were performed after 0.5 h, 1 h, 2 h, 3 h, 4 h, 5 h, 6 h, 24 h, and every
24 h during the ﬁrst week. Then, gravimetric measurements were made
every week for a total period of one month.
3.2. Concrete samples
Three strain gauges were adhered to each concrete sample in the
same position as in the mortar samples (two horizontally placed and
one vertically placed). The same kind of strain gauges and connections
as described for mortars was used to measure the deformation of the
concrete samples when exposed to water. Furthermore, a thermocouple
was attached to one sample to monitor any temperature change and
make the corresponding thermal expansion corrections of the strain
gauges. Given that some strain gauges broke during the measurements
in mortar samples, a speciﬁc purpose coating was applied on the strain
gauges to protect them from contact with liquid water. After this
coating, instead of using paraﬃn tape to cover the lateral surfaces of the
samples, two layers of a thixotropic two-component epoxy resin
(SikaCor-277®) were applied on the lateral surfaces of the samples
(Fig. 4).
The preconditioning of the concrete samples was made after the
strain gauges were attached. This was done to evaluate the volumetric
changes during the whole process that involves the capillary imbibition
tests. All ﬁve samples were connected to the automatic and continuous
recording system previous to exposure to water to have a ‘baseline’
reading. This measurement was later used in the calculations to dis-
count the noise inherent to the apparatus. After 5min, samples were put
under immersion for 72 h. Then, samples were taken out of immersion
and placed in an oven at 50 °C until the mass decrease was lower than a
mass fraction of 0.1% within 24 h. During drying, along with the de-
formation recordings, gravimetric measurements were performed after
0.5 h, 1 h, 2 h, 3 h, 4 h, 5 h, 6 h, 24 h, and every 24 h until constant mass
was achieved (which took eight days). After the preconditioning period
ended, samples were taken out of the oven, sealed in double plastic bags
and kept in a conditioned room at (20 ± 1) °C for a week. This was
done to achieve a uniform moisture distribution in the whole sample.
Subsequently, samples were connected to the data logger for ﬁve
minutes to obtain a new ‘baseline’ reading. These values were later used
in the calculations to discount the noise inherent to the apparatus.
Samples were put in contact with water, with an immersion depth of
(3 ± 1) mm and the capillary imbibition test was performed for
12 weeks. The gravimetric measurements were performed after 0.5 h,
1 h, 2 h, 3 h, 4 h, 5 h, 6 h, 24 h, and every 24 h during the ﬁrst week.
Then, gravimetric measurements were made every week for a total
period of three months.
Fig. 3. Experimental set-up to monitor volumetric stability of mortars during capillary imbibition. Position of the strain gauges on a mortar sample (right), mortar
samples during continuous measurement of deformations (left).
Fig. 4. Lateral and top view of a concrete sample before and after the application of the coatings, respectively.
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4. Results and discussion
4.1. Mortar
4.1.1. Deformations measured in mortar samples during the ﬁrst 24 h of
capillary imbibition
Fig. 5 shows the measurements registered over the ﬁrst 24 h of
contact with water in relation with the square root of time, in s0.5.
Strains are represented on the left vertical axis. Dashed yellow lines, full
red lines, and dotted green lines in Fig. 5 correspond to the measure-
ments from the bottom, vertical, and top strain gauges, respectively, of
each of the samples. Fig. 5 shows four dashed yellow lines instead of
ﬁve because one of the bottom strain gauges became defective when it
got in contact with liquid water, due to insuﬃcient protection of the
cover glue. The bottom strain gauges were placed right above the water
line (not immersed). However, it is possible that insuﬃcient attachment
of the paraﬃn on the bottom caused the variability seen at the begin-
ning of the measurements. The scatter of data is signiﬁcant but con-
sistent with the type of measurements under study. With this in mind,
the analysis of results is made from a conceptual and qualitative point
of view, and no quantiﬁcations are possible at this point.
Strain gauges placed at the bottom started to register deformations
(dashed yellow lines) right after contact with water. This indicates that
the water ingress has almost an instant eﬀect on the volume change of
the samples. Because of the hygroscopic nature of C-S-H, water uptake
produces immediate swelling of the bottom of the sample as it is ex-
posed to water. From the ﬁrst contact with water until approximately
24 h (≡293 s0.5) all bottom strain gauges registered positive deforma-
tions (expansion).
Dotted green lines, corresponding with the top strain gauges, show
no registry of deformation during the ﬁrst 6 h (≡150 s0.5). This is in fact
a measurement of the water ingress rate, as the time at which the top
strain gauges started registering deformations corresponds to the time
needed for the moisture ﬂow to go through the height of the sample.
From 6 h to approximately 24 h, a continuous deformation increase was
registered. The continuous increase in the deformations indicates a
progressive increase in the water content at the top of the sample rather
than a uniform advancing water front. Correspondingly, studies of
neutron radiography made on mortar samples show the lack of a sharp
water front during the ﬁrst hours of capillary imbibition [41].
The measurements of the vertical strain gauges, full red lines, re-
gistered negative values in the beginning of the test, which represent a
contraction in the generatrix of the sample (Fig. 6). This is related to the
expansion produced only at the bottom of the sample at the start of the
test. Therefore, the vertical strain gauge slightly reduces its length.
Later, as water passes through the samples, this produces a progressive
expansion along the height of the sample and then the vertical strain
gauge starts to measure positive deformations.
The registered deformations during capillary imbibition are con-
sistent with the evolution of the moisture content as water moves
higher into the sample. Fig. 7 shows a schematic representation of the
volumetric changes suﬀered by a mortar sample during the ﬁrst hours
of the capillary imbibition test, where three stages can be diﬀerentiated.
The grey dashed lines represent the magniﬁed deformed shape of the
samples to visualize the deformations. Stage I induces the instantaneous
expansions at the bottom of the sample and the contraction suﬀered by
the rest of the matrix. During stage II, the rise of the water level
-100
100
300
500
0 300
Strain (μm/m)
Time0.5 (s0.5)
Water reaches 
the top of the samples
Boom strain gauges
Vercal strain gauges
Top strain gauges
6 h ( ≡ 150 s0.5)
Fig. 5. Deformation measurements of mortar samples after 24 h of contact with
water. Dashed yellow lines, full red lines, and dotted green lines correspond to
the measurements from the bottom, vertical, and top strain gauges, respec-
tively, of each of the samples. (For interpretation of the references to colour in
this ﬁgure legend, the reader is referred to the web version of this article.)
Fig. 6. Contraction experienced by a vertical strain gauge during the ﬁrst hours
of measurements (not to scale).
Fig. 7. Scheme of the volumetric changes suﬀered by the mortar sample during
the ﬁrst hours of the capillary imbibition test (not to scale).
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increases deformation along the sample and balances the negative de-
formations registered in stage I. Stage III could be deﬁned as the mo-
ment in which the water ﬂow reaches the top of the samples. At this
point the top strain gauges start to record the volumetric changes in-
duced by the water ingress.
Deformation evolving with the square root of time is consistent with
the anomalous capillary water uptake, on the supposition that hy-
draulic diﬀusivity evolves in direct correlation with these volumetric
changes. The external indication can reﬂect a reduction of the hydraulic
diﬀusivity when the balance between internal restriction and porosity is
considered [36]. More experimental data is needed for an accurate
quantiﬁcation of the eﬀect of swelling on the capillary water uptake
rate, but the results presented here demonstrate that capillary water
uptake should progress linearly with tα, with α < 0.5 when swelling
occurs in combination with internal restriction (see Section 4.3).
4.1.2. Gravimetric measurements of mortar samples
Fig. 8 shows the variation of the capillary imbibition capacity (CIC)
plotted as a function of the fourth root of the time. The equation of the
ﬁtting line as well as the coeﬃcient of determination (R2) are indicated
in the ﬁgure for the primary imbibition period. The slopes of the ﬁtting
line represent the primary (CIR) imbibition rate. CIR has a very good
correlation (> 0.99) with t0.25, which indicates that the transport pro-
cess occurs with variable hydraulic diﬀusivity (in contrast, the linear
correlation with t0.5 is 0.978). For the CIR, our hypothesis sustains that
the pore network deﬁnes the CIR upon its aﬀectation by swelling cou-
pled with internal restriction. For the secondary imbibition rate (sCIR),
the further increase in weight has been explained by a slow diﬀusion of
air trapped during the primary period [42]. The exact value for β re-
quires further studies, especially regarding a comprehensible statistical
analysis. However, strong evidence on the suitability of the t0.25 ap-
proach has been presented in [18,43], and having a unique value for
cementitious materials seems convenient for practical purposes.
The ingress of water into the cementitious matrix can be therefore
divided in two periods: an initial or primary period ruled by capillary
forces, and a secondary period in which diﬀusion seems to be the
governing phenomenon. As water enters into the samples, capillary
forces drive its movement until the top of the samples is reached. That
moment (about 6 h or 12 s0.25) indicates the end of the dominant ca-
pillary imbibition phenomena, as almost no further water rise is pos-
sible. It seems that there is a transition between the water ﬂow domi-
nated by capillary forces and the following water ingress. During this
transition, the capillary potential is increasingly reduced as the water
front approaches the top face. Note that this division is diﬀerent from
the one stated in the standard ASTM C1585-13 [44], which refers to a
relationship to t0.5 instead of t0.25. In Fig. 8, the points of this transition
are marked with ellipses and correspond to 24 h, 48 h, and 72 h for the
tested samples. The ellipses indicate the measurements that were col-
lected during the period in which the top face of the samples started to
be wet (this was detected by visual inspection). Then, the reduction in
the water uptake rate reveals that the wet front has fully covered the
height of samples.
During this ‘transition’ period (between 24 h and 72 h) there is a
conversion between the main driving forces acting during the transport
process. After 72 h, there is a signiﬁcantly decreased slope caused by
further imbibition without water rise. In this secondary period, there is
a change in the dominating transport process as there is no longer a
capillary potential (height of samples has been completely covered).
The following increase in water content in the sample is generally ex-
plained by slow diﬀusion of air trapped during primary absorption
[42], with a consequential redistribution of moisture from the capillary
pores towards ﬁner pores. This secondary process takes place at a lower
rate than the CIR. This considerably slow process during the secondary
imbibition period can be explained by strong joining forces present in
consolidated C-S-H interlayer spaces and intraglobular pores as a result
of previous drying [34].
4.1.3. Correlation between gravimetric measurements and deformations
after 1 month of continuous recording
As discussed, the measurements of the deformations during the ﬁrst
24 h of capillary imbibition show that water ingress does have an eﬀect
on the volumetric stability of the samples. The time at which the top
strain gauges started registering deformations (≈6 h) provided in-
formation about the water ingress rate. Those results are in agreement
with the gravimetric measurements. A comparison between the pro-
gress of the water ingress and the registered deformations during a
month is presented in Fig. 9. The CIC (right vertical axis) is plotted here
as a function of the square root of time to be able to compare si-
multaneously the change in CIC to the change in the deformation
curves. Strains are plotted on the left vertical axis. Some strain gauges
became defective during the long-term measurements and stopped re-
cording: one vertical strain gauge at 1692 s0.5, one top strain gauge at
1694 s0.5, and three bottom strain gauges at 839 s0.5, 1017 s0.5, and
1501 s0.5.
Interestingly, the progress of the CIC can be correlated to the pro-
gress of deformations sample by sample. This is indicated in Fig. 9
considering the samples that had the lowest and the highest CIC (blue
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Fig. 8. Capillary imbibition capacity of mortar samples plotted against the
fourth root of time.
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dotted and blue dashed lines, respectively). The sample with the lowest
CIC also had the most delayed recording of the deformations, as pointed
out in the graph. The dotted green curve corresponds to the deforma-
tions on the top of that sample and, as it had a slow capillary rise, the
water ﬂow through that sample was the last to reach the top and make
the face wet. This was the determining sample for the right limit of
‘transition’ period, marked in the graph at ≈509 s0.5. Likewise, the
dotted red and dotted yellow curves (vertical and bottom recordings,
respectively) correspond to the sample with the lowest CIC. These
curves also show a delayed registering of the deformations (marked in
the graph), which is translated into a slower water ingress into the
sample in comparison with the others. A similar analysis can be made
for the sample with the highest CIC, marked with the dashed line in
Fig. 9. The strain gauge from the top of this sample is the ﬁrst to register
deformations (green dashed line), which indicates that water ﬂow has
reached the top of this sample before the others. This is related to the
highest CIR of this sample, when the dominating transport mechanism
stops being capillarity. The green dashed line is also the one registering
the highest deformation. The vertical strain gauge in this sample did not
seem to be so much inﬂuenced by the corresponding CIC, although
higher deformations are seen on the dashed red line before and during
the ‘transition’ period.
4.2. Concrete
4.2.1. Results of deformation measurements during the preconditioning
stage
Deformation measurements registered during the preconditioning
stage reﬂect well the variation in the water ingress/egress into the
sample. Fig. 10 shows the evolution of the strain for the diﬀerent strain
gauges (left vertical axis) and the gravimetric measurements (right
vertical axis, blue square markers) with the square root of time. Dotted
green lines and dashed yellow lines represent the top and bottom strain
gauge recordings, respectively. Deformations from vertical strain
gauges had a large variability and are not shown in the graph.
As soon as samples were immersed in water, top and bottom strain
gauges started to record deformations (Fig. 10). This diﬀers from the
results obtained during capillary imbibition for mortar samples (Fig. 9),
where only the bottom strain gauges recorded deformations during the
ﬁrst hours because then water could only ingress from the bottom of the
samples. In this case, as samples were completely immersed, both top
and bottom faces were exposed to water. Therefore, top and bottom
measurements increase alike during the immersion stage.
After 72 h, samples were disconnected, removed from immersion,
and taken to an oven at 50 °C (this took approximately 1 h). Then, they
were connected back to the data logger and recordings started again.
During drying, as water was removed from the sample, bottom and top
strain gauges showed progressive contraction, since both bottom and
top surface were exposed. Note that the comparison between weight
change and deformations is made with t0.5. This is because water loss
does not hinder the transport as water ingress, as already mentioned in
[18]. The external deformations during drying are well correlated with
the gravimetric measurements, this can be seen in more detail in
Fig. 11, where the average of weight loss and top and bottom de-
formations during drying at 50 °C are shown. Error bars represent the
standard deviation (n=5). Furthermore, it seems that the gravimetric
measurements reach a relatively stable condition faster than the de-
formation measurements. However, it is likely that because of the high
precision of the strain gauges, small deformations are still registered
even after the mass loss is lower than 0.1% in a 24 h period. In relative
terms, the later removal of interlayer water would cause more
shrinkage than weight loss.
4.2.2. Gravimetric measurements of concrete samples
Results of the capillary imbibition test of concrete samples during
three months are shown in Fig. 12. The equation of the ﬁtting line as
well as the coeﬃcient of determination (R2) are indicated in the ﬁgure
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for the primary period where a very good correlation,> 0.99, was
found (in contrast, the linear correlation with t0.5 is 0.95). The very
early data (ﬁrst two measurements) do not evolve perfectly linear with
t0.25. This irregularity can be explained by the setup of the absorption
test, which requires a minimal submersion of approximately 3mm for
assuring good contact between the sample and the source of water.
Only during the ﬁrst minutes, the water ingress is therefore slightly
accelerated by the minimal hydrostatic pressure. The eﬀect is more
visible in concrete than in mortar, as the sorptivity of the former is
lower and the relative impact of the permeability on the mass increase
is higher. The ingress of water into the concrete samples can also be
divided in two periods: an initial or primary period that lasted ap-
proximately one week, and a secondary period starting to develop after
three weeks. Each of these periods has a good relation with t0.25 but
with a diﬀerent rate. The division between these periods is deﬁned by
the marked change in slope. This change is probably caused by the
modiﬁcation in the main driving force during the transport process.
After the main water ﬂow has reached the top of the sample, the forces
driving transport and causing mass gain can no longer be capillary
forces, as already discussed for the case of mortar samples.
4.2.3. Correlation between gravimetric and deformation measurements
during 3 months of continuous recording
Fig. 13 shows the CIC and strain variation of concrete samples in
function of t0.5, during 3months of continuous capillary imbibition
monitoring. On the right vertical axis, gravimetric measurements are
represented with full blue lines. On the left vertical axis, strain mea-
surements are represented with dotted green, dashed yellow, and
double dot - dash lines for top, bottom, and vertical strain gauges, re-
spectively.
Similarly to results obtained from mortar samples, bottom strain
gauges started registering deformations almost as soon as the samples
were put in contact with water. Again, this is explained by the hygro-
scopic nature of the C-S-H, which interacts with the water ﬂow and
produces almost immediate volumetric variations. This is the cause of
the deceleration seen in cementitious materials. Vertical strain gauges
suﬀered a slightly negative deformation at the beginning of the test, but
this was rapidly balanced with the positive deformations. Top strain
gauges only started to record deformations after 24 h. This is in contrast
with the measurements in the mortar samples, where top deformations
were registered after 6 h. If concrete samples had had a greater height
than mortar samples, the ﬂow would have taken longer to reach the top
of the sample. However, this is not the case, as both concrete and
mortar samples had approximately 50mm height. Discussion of pos-
sible causes for this diﬀerence is provided in the following section.
4.3. Comparison between deformations measured on mortar and concrete
samples
Results of deformations during capillary imbibition show that
mortar samples deform more than concrete samples. This discrepancy
between mortar and concrete deformations may be attributed to several
factors: (i) porosity and/or pore structure, (ii) C-S-H amount, and (iii)
restriction of the system. Regarding (i), as the mortar phase composi-
tion of the concrete mix is similar to the one of mortar samples (same
sand to cement ratio, same water to cement ratio, same cement, no
supplementary cementitious materials), then diﬀerences in porosity can
be mainly attributed to the presence of aggregates. One probable ex-
planation is the fact that concrete mixes have a relatively lower paste
volume than mortar mixes (i.e., the increased content of rather im-
permeable aggregates in concrete further restrict water ﬂow). On the
other hand, the interfacial transition zone between cement paste and
aggregates oﬀers a preferential pathway for transport [45]. The pre-
sence of aggregates would allow a more rapid water ﬂow in that sense.
Regarding (ii), the amount of C-S-H directly inﬂuences the deforma-
tions, as this is the main phase with a hygroscopic nature causing
swelling and volumetric variations. In this regard, concrete samples
have a lower relative amount of C-S-H than mortar samples. To take the
inﬂuence of (i) and (ii) into account, the results of concrete samples
were normalized to the volume of mortar contained in them. This was
made by dividing the obtained deformation in concrete by the relative
content of mortar in it (56%). By considering coarse aggregate as fully
rigid, all the deformation that concrete suﬀers can be attributed to its
mortar phase. Then, the normalized strain is the deformation that the
mortar phase in concrete would develop when restrained by aggregates.
It should be noted that the mortar in concrete cannot be considered
completely the same as the mortar samples due to the eﬀects of mixing,
bleeding and the presence of additional interfacial transition zone.
However, the comparison allows contrasting the degree of restraint in
each material and contributes to the analysis of consistency of the re-
sults. Fig. 14 shows the average values and standard deviations of the
deformations measured on mortar samples and the normalized de-
formations measured on concrete samples after one month. At least
three strain gauges are considered for each series (some were broken
during testing, as previously mentioned).
Deformations of the mortar phase contained in concrete samples are
much lower than deformations in mortar samples. This is mostly a re-
ﬂection of the level of constraint provided by the presence of rigid
aggregates in concrete. As concrete has a higher level of internal con-
straint, the swelling of the C-S-H is more restricted than in mortar. With
larger internal restriction, most of the deformation is translated in
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reducing the pore spaces rather than externally as in the case of free
deformations. The impact of swelling on the imbibition rate is therefore
directly linked to the content of non-deforming phases, such as ag-
gregates (or inversely linked to the paste content). A similar case, but
with opposite strains, is represented by the diﬀerences in shrinkage
behaviour of paste, mortar and concrete. Toledo Filho et al. [46] found
that cement paste has a higher drying shrinkage than concrete where
the volume changes are largely restrained by the rigidity of the ag-
gregates. Moreover, Thomas and Jennings [47] stated that the tendency
of concrete to develop cracking due to shrinkage is an evidence of the
large restrains that the embedded cement paste suﬀers.
In conclusion, the most inﬂuential parameter concerning the dif-
ference in deformations seems to be the restriction of the system in
relation with its porosity. Considering a partially restrained three-phase
composite: deforming matrix phase, non-deforming inclusions, and
pores; Thomas and Jennings [36] proposed to describe the deformation
of the composite by Eq. (2).
= + +K K X X K Xtot def def nondef p p (2)
where Ktot=ratio of ﬁnal to initial volumes of the composite,
Kdef=ratio to ﬁnal and initial volumes of the deforming phase,
Xdef= initial volume fraction of the deforming phase, Xnondef=initial
volume fraction of the non-deforming phase, Kp= ratio to ﬁnal and
initial volumes of the porosity, Xp=initial volume fraction of pores.
The degree of restraint in the composite and the volume fraction of
the phases will inﬂuence the relationship between Kp and Kdef. If there
were no restraints in the system, pores would deform in the same way
as the total external dimensions of the composite. If the composite is
fully restrained, the deformation of the solid phase would cause pores
to shrink. There is a certain threshold degree of restraint that results in
no change in pore size, Kp= 1, leading to Eq. (3):
= + −K X K1 ( 1)tot def def (3)
The expression provided in Eq. (3) characterises a limit in which the
overall deformation of the composite and the deformation of the de-
forming phase are such that the pore size does not change [36]. This
can be written as the following inequalities:
⎧
⎨⎩
< + −
> + −Ktot
1 X ( K 1), pores shrink
1 X ( K 1), pores grow
def def
def def
The variation of the pore volume ratio, Kp, varies with the de-
forming phase volume ratio, Kdef, for a given amount of restraint.
Moreover, the relation between Ktot and Kdef provides the degree of
restraint in a system. If there is complete restraint, there is no volume
variation and Ktot=1. If there are no restraints in the system, pores
deform in the same way as the total external dimensions of the com-
posite and Kp=Ktot. However, under restrained conditions, it is pos-
sible to consider a parameter Rd, called degree of restraint [36]. For a
system without restraint Rd=0, and for a fully restrained system
Rd=1. Then, the relation between Ktot and Kdef can be expressed by Eq.
(4).
= + − ⎧⎨⎩
⎡
⎣⎢
+
−
⎤
⎦⎥
− ⎫⎬⎭
K R
K X X
X
1 (1 )
(1 )
1tot d
def def nondef
p (4)
Most interestingly, there is a threshold value of Rd (Rt) for which
there are no changes in the pore volume (Kp=1). This value can be
expressed by combining Eqs. (3) and (4), which results in Rt= Xp. This
indicates that Rt is numerically equivalent to the initial pore volume. A
system with a higher porosity will need a larger level of restrain to
avoid pore volume increase.
For considering the inﬂuence of swelling on the pore structure, it is
important to verify if the total porosity shrinks as a result of swelling in
the system contrary to the normal situation whereby pores would ex-
pand with its host matrix. Based on the aforementioned model proposed
by [36], the degree of restraint was calculated for the case of the mortar
samples considering that the deforming solid phase is the C-S-H (in-
cluding the inherent gel pores). The rest of the solid phases of the paste
and the ﬁne aggregates were considered as non-deforming phases. From
the volume that would represent the paste phase of the mortar (17%),
the volume of the hydration products and the gel porosity was calcu-
lated with the model of Powers [48] (65%). The hydration degree was
assumed to be α=0.75, based on results of ﬁeld emission scanning
electron microscopy performed on cement pastes with 28 days of curing
provided in [49]. The volume fractions obtained of the deforming
phase, non-deforming phase and porosity are Xdef=0.154,
Xnondef=0.696, and Xp=0.15, respectively. Considering the de-
formations measured, the value of Ktot (ratio of ﬁnal to initial volumes
of the material) was found to be equal to 1.002, the value of Kdef (ratio
of the ﬁnal to initial volumes of the deforming phase) for which the
pore size does not change was found to be=1.016. Given that the C-S-
H swelling is certainly higher than 1.6% [34,50], (as a reference value it
can be considered that Taylor estimates an expansion of 34% for C-S-H
when going from dry state equilibrated at 11% RH to the saturated state
[51]), this means that the pores shrink. In the case of concrete, the
presence of coarse aggregates would oﬀer both lower porosity and
larger restrictions, and therefore the computations are even more
conclusive in showing that the degree of restraint in the cementitious
matrix is such that pores shrink when the deforming phase expands. It is
important to mention that pore reduction should not be associated with
a higher potential capillary rise as a consequence of smaller pore dia-
meter. The eﬀect of pore ‘reﬁnement’ due to the restrictions of the
system is mainly translated into an increased tortuosity. Hence, the
water ﬂow will be hindered as it encounters some restrictive pore sizes.
As cement paste is not a homogeneous material, pores will not reduce
uniformly either.
The measurements of deformation during the capillary imbibition
tests, conﬁrmed that volumetric changes are largely aﬀected by the
aﬃnity of C-S-H with water. During the immersion stage, again the
eﬀect of the hygroscopic nature of C-S-H resulted in swelling im-
mediately when in contact with water. During drying, deformations had
a direct relation with the water loss. This is in agreement with the
central concept of the model (CM-II) proposed by Jennings [52], where
C-S-H are globules with water in three locations: adsorbed on the outer
surface as a monolayer, adsorbed within the particle, and located in the
interlayer space, capable of causing swelling and oﬀering certain in-
ternal strains. This swelling will hinder the water ﬂow only if a certain
restriction degree is achieved. In fact, the ﬁnal eﬀect on the pore
structure can be linked to three parameters described before: (i) por-
osity, (ii) amount of C-S-H, and (iii) restrictions in the system (actually
(i) and (iii) are related, as discussed). In relation to (ii), if there is no C-
S-H (or any hygroscopic component), the water ﬂow will follow a linear
variation with the square root of time, as it is the case for bricks or
plaster. However, when C-S-H is present, its deformation makes the
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pore structure to change as water advances, hence the anomalous be-
haviour of cementitious materials. This is also the case for cementitious
materials with superabsorbent polymers, Snoeck et al. [53] found that
during capillary imbibition tests, as SAP particles attract water, the
permeation is lowered in those pores due to swelling of SAP.
4.4. The variation in deformations during the primary and secondary
imbibition periods
The results of capillary imbibition in mortar and concrete samples
conﬁrm the diﬀerence in the water uptake between the primary and
secondary imbibition periods. Water ﬂow takes longer to reach the top
of the concrete than the mortar samples and hence the diﬀusion process
starts to increase its inﬂuence before the maximum capillary rise is
reached. As the CIR and sCIR in concrete are lower than in mortar, they
are also more comparable to the transport rate by diﬀusion. This is
expected due to the lower porosity that concrete mixes have and also
due to the higher constraints that the presence of coarse aggregates
entails. Then, the transition between the primary and secondary im-
bibition periods is more gradual in concrete than in mortar. As water
enters in the concrete sample, the deforming phase of the matrix is
highly restrained, then it deforms towards the pores leading to an in-
creased tortuosity and reduced hydraulic diﬀusivity.
Most deformations were registered during the primary period, both
in mortar and concrete samples. This reﬂects in a way the activity of the
C-S-H gel, as after the transition period, deformation measurements are
much more stable than during the primary imbibition period.
Regarding the secondary imbibition period, even though sCIR can be
obtained from the linear relationship between mass increase and t0.25,
swelling does not have a major impact on this rate. Considering the
analogy with the bilinear ﬂow, the ﬁrst stage is dominated by water
being absorbed in macropores, whereas the second part is associated
with transport along a linear pathway (gel pores). After the maximum
capillary rise is achieved, the increase in weight would be associated to
diﬀusion of water molecules into the laminar structure of C-S-H.
5. Conclusions
During exposure, the anomalous sorptivity of cementitious mate-
rials is connected with the water retention in the C-S-H structure (and
consequent swelling) during the water ﬂow. The delaying process
linked with swelling is fast enough to show signiﬁcant inﬂuence on the
water ﬂow rate due to capillary imbibition. In this sense, it is important
to note that such an eﬀect is possible from a combination of swelling
and internal restriction in the material. An important message is that
the consideration of cementitious materials as rigid materials seems
incomplete for a comprehensive description of the transport process.
The CIR is therefore better deﬁned as the ratio between the water up-
take and the fourth root of time, in comparison with the correlation
with t0.5 usually established, and this has been mainly attributed to the
hygroscopicity of cementitious materials and swelling caused by the
interaction with water coupled with internal restriction oﬀered by non-
deforming phases, mainly aggregates. The deﬁnition of the CIR as the
rate of water uptake progressing over tα, with α < 0.5 potentially
solves the usual problem of lack of linearity observed with the square
root of time. In this regard, this paper presented additional results with
a good ﬁt with the t0.25 approach; and, more importantly, from the
measurement of strain during the process, it provided eﬀective physical
support to the swelling theory by which the anomalous capillary im-
bibition can be explained.
The experimental set-up designed to measure the deformations
during the capillary imbibition test demonstrated the eﬀect of the water
ingress on the volumetric stability of mortar and concrete samples. All
strain gauges were able to measure deformations as water progressed
during capillary imbibition. The largest amount of deformations occurs
during the primary imbibition period, indicating that swelling can
explain the reduction in hydraulic diﬀusivity during capillary imbibi-
tion. A consistent correlation between deceleration of the CIR and ex-
ternal expansion is obtained when internal restriction and swelling are
considered.
Mortar and concrete mixes were compared considering the nor-
malized deformations, and the diﬀerence in the values could be related
(at least partially) to the additional restraint that the mortar phase
underwent in concrete samples. Even considering the normalized de-
formations, the mortar phase of concrete deforms less than mortar
samples. The presence of coarse aggregate particles as non-deforming
inclusions results in lower deformations because of the larger restraint.
From estimations made contrasting pore volume and restraint, it was
found that swelling causes pore size reduction. Therefore, the relative
impact of swelling is greater in concrete than in mortar, as the smaller
external deformation observed in concrete reﬂects a more signiﬁcant
pore ‘reﬁnement’ than in mortar. These changes in the pore structure
hinder the water ﬂow, as its main eﬀect is an increase in the tortuosity
of the system.
Long-term capillary imbibition tests in concrete mixes manifested
the existence of primary and secondary periods. The contrast between
concrete and mortar regarding the impact of swelling can also explain
the gradual transition from the primary to the secondary period. A
deeper look into the secondary imbibition period is still needed.
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